A method is described for measuring the re gional cerebral-to-Iarge vessel haematocrit ratio using in halation of carbon-II-labelled carbon monoxide and the intravenous injection of carbon-ll-labelled methyl-al bumin in combination with positron emission tomog raphy, The mean value in a series of nine subjects was 0.69. This is �20% lower than the value of 0.85 previ-Address correspondence and reprint requests to Dr. Lam mertsma at MRC Cyclotron Unit, Hammersmith Hospital, Du cane Road, London W12 OHS, England.
A number of studies have established that the mean cerebral haematocrit is smaller than the large vessel haematocrit. Reported values for the mean cerebral-to-large vessel haematocrit ratio range from 0.50 to 0.92 (Gibson et aI. , 1946; Everett et aI., 1956; Larsen and Lassen, 1964; Oldendorf et aI., 1965; Heisey, 1968; Sklar et aI., 1968; Levin and Ausman, 1969; Studer and Potchen, 1971; Cremer and Seville, 1983) . The two in vivo studies carried out in humans by Larsen and Lassen (1964) and Oldendorf et al. (1965) reported values of 0.92 and 0.84, respectively.
Because no data have been reported on the re gional cerebral-to-Iarge vessel haematocrit ratio (r) in humans, emission tomographic techniques to measure regional cerebral blood volume (rCBV) have routinely used a somewhat arbitrary value of 0.85 (Kuhl et aI. , 1975; Phelps et aI. , 1979; Lam mertsma et aI., 1983) . This represents the average of the global values reported by Everett et al. (1956) , Larsen and Lassen (1964) , Oldendorf et al. (1965) , Sklar et ai. (1968) , and Studer and Potchen (1971) . ously reported. It is concluded that previous measure ments of regional cerebral blood volume using a haemat ocrit ratio of 0.85 will have underestiITiated the value of regional cerebral blood volume by 20%. Key Words: Pos itron emission tomography-Regional cerebral blood volume-Regional cerebral haematocrit.
Recently, using a photoelectric method, the hae matocrit ratio for the cerebral capillary venous phase was measured. This study produced a value of 0.62 for the cat (Kobari et aI., 1982) . However, in measurements of rCBV using tomographic tech niques, it is the r for regions seen by the tomograph that is of specific interest. In general, these regions contain a mixture of arterioles, capillaries, and ve nules.
Cerebral haematocrit has been measured for sev eral regions in the rat brain (Everett et aI., 1956; Levin and Ausman, 1969; Cremer and Seville, 1983) . Everett et al. (1956) found values for r ranging from 0.70 to 0.84. Levin and Ausman (1969) reported values around 0.94 for the cortex (grey matter) and 0.84 for the subcortex (white matter). In a more detailed recent study (Cremer and Se ville, 1983) , values ranging from 0.62 to 0.77 were found. A study using single photon emission to mography has suggested that r is also considerably lower than 0.85 in humans (Sakai et aI. , 1983) .
In this article a method of measuring r in humans is described using positron emission tomography, and the results in a series of nine subjects are pre sented.
METHOD
Inhalation of tracer amounts of Ileo results in the for mation of labelled carboxyhaemoglobin; so, the lIe be-comes distributed throughout the volume of distribution of red blood cells. From a tomographic scan of the brain, the activity ( Ae o ) in a region of interest is given by
where rCBV is the regional cerebral blood volume in the region of interest; Ceo is the large vessel concentration of lICO; and r is the regional cerebral-to-Iarge vessel hae matocrit ratio. If [lIC] albumin is injected into the circulation, it is dis tributed throughout the volume of distribution of the plasma, assuming an intact blood-brain barrier. The ac tivity ( Aal b ) in the same region of interest as that used for lICO will then be given by
where Cal b is the large vessel concentration of [lIC]albumin; h is the large vessel haematocrit; h c is the regional cerebral haematocrit in the region of interest.
As r = h/h, Eq. 2 can be rewritten as
Substituting in Eq. 5 shows that the measured mean hae matocrit ratio for the region is given by ar l rCBV I
However, the true mean haematocrit ratio, rp is given by
From Eqs. 9 and 10 it follows that if the haematocrit ratios r l and r2 are equal for both tissue types, then the measured and true haematocrit ratios are also equal, ir respective of any heterogeneity in rCBV. In addition, if rCBV is homogeneous, then the mean r will be calculated correctly, irrespective of heterogeneity in r within the re gion of interest.
In normal brain, rCBV in grey matter is -2.5 times that in white matter (Lammert sma et aI., 1983). In Fig. 1 , using this ratio for rCBV, rlrt is plotted as function of the grey matter fraction for different (hypothetical) ratios of the grey-to-white matter r. It can be seen from Fig. I that even for a difference of 20% in r between grey and white matter, the error in the measured mean would be <5%.
Statistics
From Eqs. 5 and 6 it follows that the coefficient of variation (COV) for the measurement of r is given by
From Eqs. 5 and 6 it is clear that by performing both IICO and [lIC]albumin scans and measuring their corre sponding large vessel concentrations, r can be calculated.
Tissue heterogeneity
Equations 5 and 6 have been derived assuming that the tissue sampled is homogeneous. However, in practice, owing to the finite spatial resolution, the data from the region of interest will often contain heterogeneous brain areas.
Suppose that a region of interest contains two different tissue types containing blood volumes rCBV I and rCBV2, haematocrit ratios r l and r2, and occupying fractions a and 1 -a of the total volume of the region of interest, respectively. The regional activities in the II CO and [lIC]methyl-albumin scans are then given by
From Eq. II it is clear that the precision of the calcu lated value of r can be assessed if the COY for the mea sured values of arterial concentration and pixel counts for both scans are known. The COY for the arterial con centrations can be obtained from mUltiple samples col lected during each scan. The COy for pixel counts can be assessed by comparing the pixel counts in CO and albumin scans with previously published statistical studies based on repeated phantom measurements (Lam   mertsma et aI., 1982, 1984) .
Scanning procedure A total of nine subjects had combined P lC]albumin and lICO studies. Administering [llC]albumin adds primarily to the dose received by the blood. For the procedure used, the additional dose to the blood was -0.7 rad. The production of carbon-ll-labelled methyl-albumin has been described previously (T urton et aI., 1984) . Five minutes after intravenous injection of up to 15 mCi [llC]albumin, six serial 5-min scans were performed through the same transaxial plane. During each succes sive scan an arterial or venous blood sample was taken. In seven patients in whom the study was combined with measurements of blood flow and oxygen utilisation (Frac kowiak et a!., 1980; Lammertsma et a!., 1983), radial ar- terial blood samples were collected. In the two remaining cases, venous blood samples were taken. Serial scans were carried out to study the distribution of albumin with time. In three cases only, one 10-min albumin scan was performed, commencing 10 min after injection to allow time for the albumin to equilibrate in the blood pool. Transmission and IICO scans at the same tomographic level were performed as described previously (Lam mertsma et al., 1983) . The IlCO scans and the IICO blood samples were corrected for the remaining background arising from the previously administered [11C]albumin ac tivity.
Permission to conduct this study was obtained from the Research Ethics Committee of Hammersmith Hospital and the United Kingdom Administration of Radioactive Substances Advisory Committee. Informed consent of subjects and patients and, where appropriate, informed assent of relatives was obtained prior to each study.
RESULTS
For the six subjects who underwent six serial 5min scans following intravenous injection of [IIC]albumin, the pixel counts in a large region of interest were analysed as a function of time. In Fig.  2 (middle) the mean pixel counts scaled to the first scan are shown. There is an overall 10% decrease in pixel counts over the 30 min. However, from the second scan onward (i.e., 10 min after injection), the decrease is not significant. The same slight de crease with time is seen in the [IIC]albumin blood counts (Fig. 2, bottom) . Of more interest, however, is the ratio of brain counts over blood counts, be cause it is this ratio that enters into the calculation of r (Eqs. 5 and 6). Figure 2 (top) shows that this ratio remains constant from scan 2, i.e., 10 min after the albumin injection, onward. Consequently, in these multiscan studies, the second to sixth scans were added to obtain better statistical precision. The summed scan data were then used for analysis of the region of interest.
The COY for pixel counts is plotted in Fig. 3 (top) for small regions of interest (2.3 cm2) and in Fig. 3 (bottom) for regions of interest comprising one hemisphere and the whole brain (Lammert sma et al., 1982 (Lammert sma et al., , 1984 . The range of count densities for both [lIC] albumin and llCO scans in the present study is also indicated in Fig. 3 . The COY for [IIC]albumin counts ranged from 4 to 9% in the small regions of interest and from 0.4 to 1.0% in the large ones. For llCO the ranges were 4-6 and 0.4-0.7%, respectively.
The COY for the arterial concentration of llCO based on multiple samples had a range of 1.0-5.3% in the present study. For [llC]albumin the range was 0.8-3.6%.
Ta king the best and worst cases and using mean values for hand r (see Ta ble 1), it follows from Eq. 11 that for the small regions of interest (2.3 cm2) the COY for r ranged from 5 to 10%. For the larger regions of interest (hemisphere, whole brain), the COy ranged from 1 to 5%. This latter COY was due mainly to variations in the measurements of the ar terial concentrations. It should be noted that the count densities for white matter are lower than those for hemispheres and whole brain. Conse-{' "� a: quently, errors in determining r for smaller regions of interest comprising mainly white matter will be higher. On the other hand, results will be better for regions of interest in grey matter.
In those patients with a focal tumour, regions of interest comprising the contralateral hemisphere were selected. In the other patients and the normal subject, two regions of interest comprising each hemisphere were used for analysis. In all cases in clusion of the venous sinuses was avoided. Patient data and results are shown in Ta ble I. Vol. 4, No. 3, 1984 l1CO, [l1C]albumin, and haematocrit ratio scans in a patient with benign intracranial hypertension (study no. 809) are shown in Fig. 4 . It can be seen that the l1CO and [lIC]albumin images were similar. As a result, the haematocrit ratio scan is fairly uni form, no significant difference between grey and white matter being seen. Within venous sinuses, of course, r is considerably higher, with a maximum value between 0.9 and 1.0.
DISCUSSION
The inhalation of tracer amounts of carbon-l 1or oxygen-IS-labelled carbon monoxide is a well established technique for measuring the equilibrium distribution of red cells in the brain. Previous studies (see the introduction) have demonstrated that the cerebral haematocrit is smaller than that for large vessels. In the determination of rCBV using tomographic measurement of "CO, CISO, or any other red cell marker, this difference in hae matocrit values has to be taken into account. It has generally been accepted that a value for r of 0.85 should be used (see, for example, Phelps et aI. , 1979) . This is the mean of a number of measure ments of cerebral haematocrit using different tech niques (Everett et aI., 1956; Larsen and Lassen, 1964; Oldendorf et aI. , 1965; Sklar et aI., 1968; Studer and Potchen 1971) .
In the calculation of rCBV from the distribution of a red cell (or plasma) tracer, the importance of an accurate value for the cerebral haematocrit ratio for humans is evident. This is emphasised by the large spread between previously reported r values (r = 0.50-0.92), most of these studies having been performed in animals. The necessity for accurate haematocrit ratio data stems from the fact that for most positron emission tomographic metabolic studies a correction for intravascular nonextracted tracer activity has to be made (see, for example, Lammertsma et aI., 1984) , and that the vascular volume is generally measured using a red cell marker. U sing a value for capillary haematocrit (Kobari et aI., 1982) does not improve the accuracy in the tomographic measurement of rCBV, as this entity depends on regional haematocrit values in arteri olar, capillary, and venular blood compartments, rather than the capillary compartment alone.
In the method reported in this article, labelled red cell and plasma tracers were combined with posi tron emission tomography, thus producing data di rectly compatible with positron emission tomo graphic metabolic studies.
In contrast to the IICO scan, where 5 min after inhalation is sufficient to allow equilibration in the blood pool (Phelps et aI., 1979) a period of � 10 min is necessary for [IIC]albumin. After this period the measurement of r is independent of time, at least for the first 30 min (Fig. 2, top) .
In all nine patients studied, r was considerably lower than 0.85. The mean value was 0.69 with a range from 0.59 to 0.80. In this study, regions of interest comprising one hemisphere were used. Be cause of the fairly uniform haematocrit ratio (Fig.  4) , any error owing to tissue heterogeneity was neg ligible (Fig. O . From phantom measurement data (Fig. 3, bottom) , it follows that for the r values the COY lies between 1 and 5%.
Hemispheric rather than whole brain regions of interest were used to avoid "contamination" with the centrally located blood vessels. This is justified because the difference in COY between both types of regions of interest is minimal. Although from sta- FIG. 4 . "co, ["Clalbumin, and regional cerebral-to-Iarge ves sel haematocrit ratio (R) scans in a patient with benign intra cranial hypertension (study no. 809), 6.5 cm above the orbi tomeatal line.
tistical considerations it is possible to obtain values of r for small regions of interest comprising mainly grey or white matter, this was not attempted in this study. First, for each patient only one transaxial plane was scanned, the level of which was variable. Therefore in most patient studies, it was impossible to obtain a representative sample of both grey and white matter. In individual cases the difference be tween grey and white matter r values was of the same order of magnitude as the variation in r values between different grey (or white) matter regions. This variation (�1O%) is in agreement with data ob tained for the rat (Cremer and Seville, 1983) and is probably dependent on the architecture of blood vessels in the different regions.
The results of this study contrast with those in the report using single photon emission tomography (Sakai et aI., 1983) , where it was found that cortical structures tended to have a lower haematocrit than subcortical tissues. In rat brain, Levin and Ausman (1969) found the opposite, i.e., a higher haematocrit in the cortex. In the present study, there was no indication of a significant difference between these locations. The haematocrit had a tendency to in crease at the surface of the brain, reflecting the presence of venous sinuses and the finite resolution of the positron emission tomographic scanner used. The r value published by Sakai et al. (1983) for the whole brain (0.74) compares well with that of 0.69 in the present study, their higher value possibly re flecting the increased large vessel contributions when the whole brain is used for analysis.
Since the calculation of rCBV from a scan ob tained using a red cell marker is inversely propor tional to r, it follows that in previous studies (using r = 0.85) rCBV will have been underestimated by �20%. As a result, corrections for intravascular ac tivity will also be underestimated when they are based on a measurement of rCBY. The importance of an accurate r value lies in the fact that the rela tionship between these corrections for intravascular activity and rCBV is often nonlinear Lammertsma et al., , 1984 . When measuring the fractional extraction of oxygen using the oxygen-15 steady-state inhalation tech nique, this 20% error in rCBV would result in an error of only 2% for normal values (�0.39) of the oxygen extraction ratio . However, this error would be �45% for normal values (�0.025) of the fractional extraction of rubidium measured using the rubidium-82 steady state technique (Lammertsma et al., 1984) .
Although the maximum difference from the mean in this limited series of patients was 18%, it is evi dent that using an r value of 0.69 would generally result in more accurate values for rCBY.
